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channel  width;  also  hydraulic  diameter 
rib  height 

fully  developed  average  friction  factor  after  the  tum 
fully  developed  average  friction  factor  before  the  turn 
fully  developed  four-sided  smooth  channel  friction  factor 
conversion  factor 
mass  flux,  rV 

local  mass  transfer  coefficient,  equation  (1) 

loss  coefficient  due  to  contraction 

loss  coefficient  due  to  sharp  turn 

local  mass  transfer  rate  per  unit  area,  equation  (2) 

cumulative  mass  transfer 

Nusselt  number 

rib  pitch 

pressure  drop  across  the  test  section 
naphthalene  vapor  pressure  at  the  wall,  equation  (4) 

Prandtl  number  of  air 
volumetric  flow  rate  of  air 

Reynolds  number  based  on  cliannel  hydraulic  diameter 
Schmidt  number  for  naphthalene 
local  Sherwood  number,  equation  (6) 

Sherwood  number  of  fully  developed  turbulent  flow  in  square 
duct 

average  Sherwood  number  on  each  of  the  cliannel  surfaces 
overall  average  Sherwood  number  on  all  surfaces 
thickness  of  the  inner  (divider)  wall 


At 


duration  of  the  test  run 


naphthalene  wall  temperature,  equations  (3)  and  (4) 

average  velocity  of  air 

axial  distance  from  channel  entrance 

diffusion  coefficient,  equation  (6) 

rib  angle-of-attack 

average  density  of  air 

bulk  naphthalene  vapor  density,  equation  (5) 
density  of  solid  naphthalene 

local  naphthalene  vapor  density  at  wall,  equation  (3) 
kinematic  viscosity  of  pure  air 


I. 0  SUWAKY 

This  is  an  extended  research  report  for  the  program  of  Measurement 
of  Heat  Transfer  and  Pressure  Drop  in  Rectangular  Channels  with 
Turbulence  Promoters.  This  project  was  conducted  by  the  Turbomachinery 
Laboratories  of  the  Texas  A&M  University  and  was  funded  in  part  through 
Curtis  Walker  at  the  U.S.  Army  Research  and  Technology  Laboratories. 
The  project  was  monitored  by  Robert  Boyle  at  the  NASA-Lewis  Research 
Center  under  NASA  Contract  No.  NAS  3-24227. 

Based  on  the  research  results  from  the  NASA  Contract  No.  NAS  3- 
24227,  a  final  report  entitled  "Measurement  of  Heat  Transfer  and 
Pressure  Drop  in  Rectangular  Channels  with  Turbulence  Promoters"  was 
published  (NASA  CR  4015  September  1986  or  AVSCOM  TR  86-C-25  by  J.C.  Han, 

J. S.  Park,  and  M.Y.  Ibrahim).  In  that  report,  the  combined  effects  of 
the  channel  aspect  ratio  and  the  rib  angle-of-attack  on  the  friction 
factor  and  on  the  local  and  the  average  heat  transfer  coefficients  in 
straight,  rectangular  channels  with  a  pair  of  opposite  ribbed  walls  were 
investigated  for  three  Reynolds  numbers  (Re  =  10.000,  30,000  and 
60,000),  two  rib  spacings  (P/e  =  10  and  20),  two  rib  heights  (e/D  = 
0.047  and  0.078),  four  rib  angles  (  «.  =  90°,  60°,  45°,  and  30°),  and 
three  channel  aspect  ratios  (W/H  =  1,  2,  and  3,  ribs  on  side  W).  The 
test  channels  were  heated  by  passing  current  through  thin  stainless 
steel  foils  and  instrumented  with  180  thermocouples.  The  local 
distributions  of  the  heat  transfer  coefficient  on  both  the  smooth  side 
and  the  ribbed  side  walls  from  the  channel  entrance  to  the  downstream 
region  were  measured. 

The  present  investigation  was  aimed  at  measuring  the  detailed  mass 


transfer  distributions  in  a  two-pass  smooth,  square,  channel  and  in  a 


similar  two-pass  square  channel  with  a  pair  of  opposite  rib-roughened 
walls,  via  the  naphthalene  subl imat ion  technique.  The  top,  bottom, 
outer,  and  inner  walls  of  the  test  channel  were  all  naphthalene-coated 
plates.  For  ribbed  channel  tests,  metallic  ribs  (without  naphthalene 
coating) were  placed  on  the  top  and  bottom  walls  of  the  naphthalene- 
coated  test  channel  such  that  the  corresponding  ribs  on  the  two  walls 
were  directly  opposite  each  other.  The  highly  detailed  mass  transfer 
distrib"'-  tis  on  the  top  wall  (rib-roughened),  the  outer  wall  (smooth), 
and  the  inner  wall  (smooth)  were  determined  between  the  channel  entrance 
and  far  downstream  of  the  second  straight  channel,  for  chree  Reynolds 
numbers  (Re  =  15,000,  30,000,  and  60,000),  two  rib  spacings  (P/e  =  10 
and  20),  two  rib  heights  (e/D  =  0.063  and  0.094),  and  three  rib  angles 
(  <  =  90°,  60°,  and  45°).  The  mass  transfer  coefficients  before  the 
turn,  in  the  turn,  and  after  the  sharp  180°  turn  on  each  wall  of  the 
test  channel  were  then  averaged,  compared,  and  correlated.  The 
corresponding  pressure  drops  and  the  friction  factors  were  also  measured 
and  correlated. 
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2.0  IN3KBUCTION 


2.1  Background 

In  advanced  gas  turbine  airfoils,  as  depicted  in  Figure  1,  rib 
turbulators  are  cast  onto  two  opposite  walls  of  internal  cooling 
passages  to  enhance  the  heat  transfer  to  the  cooling  air.  A  typical 
cooling  passage  can  be  modeled  as  a  straight  or  a  multipass  rectangular 
channel  with  two  opposite  rib-roughened  walls.  Han  (1984)  and  Han  et 
al.  (1984,  1985)  investigated  systematically  the  effects  of  the  rib 
pitch,  the  rib  height,  and  the  rib  angle-of -attack  on  the  average  heat 
transfer  and  the  pressure  drop  in  a  fully  developed  air  flow  in  a 
uniformly  heated,  straight .  square  channel  with  two  opposite  ribbed 
walls.  The  results  showed  that  ribs  with  oblique  angles-of-attack  ( ■) 
of  30°  and  45°  provided  higher  heat  transfer  enhancement  than  ribs  with 
an  angle-of-attack  of  90°  for  the  same  pumping  power  consumption. 

Recently,  Han  et  al.  (1986)  reported  the  combined  effects  of  the 
channel  aspect  ratio  and  the  rib  angle-of-attack  on  the  friction  factor 
and  on  the  local  and  the  average  heat  transfer  coefficients  in  straight. 
rectangular  channels  with  a  pair  of  opposite  ribbed  walls  for  Reynolds 

numbers  varying  from  10,000  to  60.000.  The  channel  aspect  ratio  (W/H)  was 

varied  from  1  to  2  and  to  4.  The  rib  height-to-hydraul ic  diameter  ratio 
(e/D)  was  varied  from  C.047  to  0.078,  the  rib  pitch-to-height  ratio 
(P/e)  was  varied  from  10  to  20,  and  the  rib  angle-of-attack  (0  was 
varied  from  90°  to  60°  to  45°  and  to  30°,  respectively.  The  test 
channels  were  heated  by  passing  current  through  thin  stainless  steel 
foils  and  instrumented  with  180  thermocouples.  The  local  distributions 
of  the  lieat  transfer  coefficient  on  both  the  smooth  ride  and  the  ribbed 
side  wa  1  Is  from  tlie  channel  sharp  entrance  to  the  downstream  region  were 


measured.  The  results  confirmed  that,  in  the  square  channel,  the  heat 
transfer  for  the  slant  ribs  (<<=  30°  to  45°)  was  about  30%  higher  than 
that  the  transverse  ribs  (u  =  90°)  for  the  same  pumping  power 
consumption.  However,  in  the  rectangular  channels  (W/H  =  2  and  4,  ribs 
on  side  W),  the  heat  transfer  at  a  =  30°  to  45°  was  only  about  5%  higher 
than  that  u  =  90°.  The  results  also  showed  that,  in  the  square  channel, 
the  highest  heat  transfer  was  obtained  at  ■  =  60°  accompanying  with  the 
highest  pressure  drop,  however,  in  the  rectangular  channel  with  W/H  =  4, 
both  the  highest  heat  transfer  and  pressure  drop  were  obtained  at  >■  = 
90°. 

In  a  multipass  rectangular  channel,  in  addition  to  the  rib 
turbulators,  the  flow  separation  and  recirculation  in  the  turn  around 
regions  and  the  flow  redevelopment  downstream  of  the  turns  are  expected 
to  have  significant  effects  on  the  distribution  of  the  local  heat 
transfer  coefficient  and  on  the  overall  channel  heat  transfer.  Boyle 
(1984)  studied  the  heat  transfer  in  a  two-pass  square  channel  with  four 
smooth  walls  and  in  a  similar  two-pass  square  channel  with  two  smooth 
walls  and  two  opposite  ribbed  walls  (a  =  90°).  The  top  and  bottom  walls 
of  the  test  channels  were  heated  uniformly  by  passing  current  through 
thin  foils  and  were  instrumented  with  thermocouples,  while  the  other  two 
walls  were  unheated.  The  results  showed  that  the  heat  transfer 
coefficients  at  the  turn  in  the  smooth  channel  and  in  the  rib-roughened 
channel  were  about  2  to  3  and  3  to  4  times  the  fully  developed  values, 
respectively.  In  both  cases,  the  heat  transfer  decreased  in  the  main 
flow  direction  after  the  turn.  Since  the  test  channels  for  the  study 
were  sparsely  instrumented  with  thermocouples,  the  detailed 
distributions  of  the  heat  transfer  coefficient  around  the  sharp  180° 


vv 


turns  could  not  be  determined. 

Experimental  data  on  the  detailed  distributions  of  the  heat 
transfer  coefficient  around  sharp  180°  turns  in  multipass  channels  are 
important  for  two  reasons.  Firstly,  they  help  design  engineers 
understand  the  effect  of  sharp  180°  turns  on  the  surface  heat  transfer 
in  multipass  channels.  Knowledge  of  the  flow  field  and  heat  transfer 
characteristics  in  multipass  channels  facilitates  the  design  of 
effectively  cooled  turbine  blades  which  are  not  susceptible  to 
structural  failure  due  to  uneven  thermal  stresses.  Secondly,  detailed 
local  heat  transfer  results  provide  a  data  base  for  researchers  and 
engineers  to  develop  numerical  models  to  predict  the  flow  field  and  heat 
transfer  characteristics  in  multipass  channels  of  various  geometries. 

2.2  Objective 

The  present  investigation  was  aimed  at  measuring  the  detailed  mass 
transfer  distributions  around  sharp  180°  turns  in  a  smooth  channel  and 
in  a  rib-roughened  channel,  via  the  naphthalene  sublimation  technique. 
The  test  section  was  a  two-pass  square  channel ,  which  resembled  turbine 
blade  cooling  passages.  The  top,  bottom,  outer,  and  inner  walls  of  the 
test  channel  were  all  naphthalene-coated  plates.  For  ribbed  channel 
tests,  metallic  ribs  (without  naphthalene-coated)  were  placed  on  the  top 
and  bottom  walls  of  the  naphthalene -coated  test  channel  such  that  the 
corresponding  ribs  on  the  two  walls  were  directly  opposite  each  other. 
The  rib  height -to-hydrau]  ic-diameter  ratios  (e/D)  were  0.063  and  0.094. 
The  rib  pitch-to-height  ratios  (P/e)  were  10  and  20.  The  rib  angles-of- 
attack  <  ■)  were  90°,  60°,  and  45°.  in  both  the  smooth  channel  and  the 
ribbed  channel  expe  r  nr.ents ,  the  highly  detailed  mass  transfer 
distributions  on  the  top  wall  (rib-roughened),  the  outer  wall  (smooth), 


3.0  EXPERIMENTAL  APPARATUS  AND  DATA  REDUCTION 


3.1  Exjer imental  Apparatus  and  Instrumentation 

The  main  components  of  the  test  apparatus  are  the  tent  section,  a 
settling  ctiamber,  a  calibrated  or  it  ice  tlow  meter,  a  control  valve,  and 
a  centrifugal  blower.  The  entire  apparatus,  together  with  the  measuring 
instruments,  was  located  in  an  air-conditioned  laboratory,  which  was 
maintained  at  a  constant  temperature  of  21°C  (70°F)  throughout  the 
tests. 

Test  Section 

A  schematic  diagram  of  tire  test  section  is  shown  in  Figure  2.  The 
test  section  was  a  multipass  channel  with  a  2.54-cm  (1-in.)  square 
cross-section.  The  top,  the  bottom,  and  the  outer  walls  of  the  channel 
were  constructed  of  0.95-cm  (0.375-in.)  thick  aluminum  plates.  The 
inner  (divider)  wall  was  constructed  of  two  0.325-cm  (0.125-in.)  thick 
aluminum  plates,  bonded  together  back-to-back  with  double-sided  tape. 
The  clearance  at  the  tip  of  the  divider  wall  was  2.54  cm  (1  in.).  To 
simulate  actual  turbine  cool  ing  passages,  the  ratio  of  tire  before-turn 
(and  also  after-turn)  channel  length  to  the  channel  width,  X/D,  and  the 
ratio  of  tire  divider  wall  thickness  to  the  cliannel  width,  t/D,  were  kept 
at  13  and  0.25,  respectively. 

All  of  the  aluminum  plates  which  made  up  tire  walls  of  the  test 
cliannel  were  hollowed  out  and  were  filled  with  naphthalene  by  casting 
against  a  highly  polished  stainless  steel  plate.  As  a  result,  all  of 
the  interior  surfaces  of  the  test  channel  were  smootn  naphthalene- 
surfaces  .  Foi  the  roughened  channel  experiments,  brass  ribs  (with  no 
naphthalene)  with  a  0.159-cm  (0.063-m.)  or  0.238-cm  (0.094-in.)  square 
cross-section  were  glued  periodically  on  to  the  top  and  bottom 


naphthalene  surfaces  of  the  two  straight  sections  of  the  test  channel. 
The  r  ib  ;  : t ch-t o-he i yfit  ratio  was  10  or  20.  There  was  no  rib  in  the 
turn  region.  The  r  it  height-to-hydraul ic-diameter  ratios  corresponding 
to  the-  two  types  of  ribs  were  0.063  and  0.094.  The  glue  thickness  was 
est  mated  to  be  less  than  0.0127  mm  (0.005  in.). 

/  relatively  large  metallic  baffle  was  attached  to  the  inlet  of  the 
test  section  to  provide  a  sudden  contraction  flow  entrance  condition. 
During  a  test  run,  air  from  the  naphtha]  ene-f  ree  1  aboratory  was  drawn 
through  tfie  test  section  and  ducted  to  the  outside  of  the  building. 

Tlx-  most  important,  {.art  of  any  naphthalene  sublimation  experiment 
is  the  instr ure-ntat ion  used  to  neasure  the  highly  detailed  distributions 
of  the  local  mass  transfer  on  the  naphthalene  surfaces.  In  this 
investigation,  a  Starrett  electronic  depth  gage  with  an  accuracy  of 
0.00001  in./O.OOOl  mm  was  used  to  determine  the  contours  of  the  various 
naphthalene  surfaces  before  and  after  a  test  run.  The  depth  gage 
consisted  of  an  electronic  amplifier  and  a  lever-type  gaging  head.  The 
naphthalene  plate,  wliose  contour  was  to  be  measured,  was  mounted  firmly 
on  a  coordinate  table.  The  coordinate  table  facilitated  the  traversing 
of  the  naphthalene  plate  in  two  perpendicular  directions  tangential  to 
the  pi  ate  surface.  Trie  :  i  j  j  r:  r  head  was  af  f  ixed  to  a  stand  mounted  on 
the  stationary  base  of  the  coordinate  table,  and  was  hung  over  the 
naphtlialene  j  late  to  oe  measured. 

Tt.  measure  fix  elevation  at  a  {joint  on  the  naphthalene  surface,  the 
pi  at  f  or of  t  he  coordinate  table  was  moved  so  that  the  gaging  heat 
rested  against  t  he  naj  hthalene  surface  at  t  hr-  measurement  point.  The 
deflection  of  the  tip  of  the  serf  was  converted  into  an 


electrical  signal  (DC  voltage)  by  the  amplifier.  The  signal  was 
recorded  with  a  Texas  Instruments  Professional  Computer  which  was 
connected  to  the  amplifier  through  an  A/D  converter.  The  elevation 
measurement  stations  for  a  typical  ribbed  channel  experiment  are  shown 
in  Figure  3a.  The  photos  of  the  test  section,  the  traversing  table,  and 
the  associated  instrumentation  are  stown  in  Figure  3b. 

Five,  36-gage,  copper-constantan  thermocouples  were  used  along  with 
a  digital  temperature  indicator  to  measure  the  temperature  of  the 
flowing  air  and  the  temperatures  at  four  stations  on  the  naphthalene 
surfaces  during  a  test  run. 

Procedure 

After  all  of  the  naphthalene  plates  were  prepared  under  a  fume 
hood,  they  were  tightly  sealed  individually  in  plastic  bags  to  prevent 
sublimation.  They  were  then  left  in  the  laboratory  for  six  to  eight 
hours  to  attain  thermal  equilibrium.  Before  a  test  run,  the  surface 
contours  of  all  the  naphthalene  plates  were  measured  and  recorded.  In  a 
ribbed  channel  test  run,  ribs  were  glued  on  to  the  appropriate 
naphthalene  surfaces.  The  test  section  was  then  assembled  and  attached 
to  the  rest  of  the  test  rig. 

To  initiate  the  test  run,  the  blower  was  switched  on  to  allow  air 
to  flow  through  the  test  channel  at  a  predetermined  rate.  During  the 
test  run,  the  air  temperature,  the  temperatures  at  the  four  stations  on 
the  naphthalene  surfaces,  the  pressure  drop  across  the  orifice,  the 
static  pressure  upstream  of  the  orifice,  and  the  atmospheric  pressure 
were  recorded  periodically.  A  typical  run  lasted  about  30  minutes.  At 
the  completion  of  the  test  run,  the  contours  of  tfie  naphthalene  surfaces 
were  measured  again.  From  the  ecu  responding  before-run  and  after-run 
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surface  contours,  the  depth  change  at  each  measurement  station  on  the 
naphthalene  surfaces  was  calculated. 

Separate  tests  were  conducted  to  determine  the  mass  losses  from  the 
various  naphthalene  surfaces  due  to  natural  convection  while  the  surface 
contours  were  being  measured  and  while  the  ribs  were  being  glued  on  to 
the  appropriate  naphthalene  surfaces.  It  was  found  that  the  total  mass 
loss  by  natural  convection  was  no  more  than  four  percent  of  the  total 
mass  transfer  during  any  test  run.  The  mass  losses  due  to  natural 
convection  were  referred  to  the  Appendix  A.  In  calculating  the  local 
Sherwood  numbers,  these  losses  of  mass  from  the  various  naphthalene 
surfaces  were  taken  into  account  accordingly. 

3.2  Data  Reduction 

The  local  mass  transfer  coefficient  at  any  measurement  point  was 
determined  from  the  rate  of  mass  transfer  per  unit  surface  area  and  the 
local  naphthalene  vapor  density  at  the  measurement  point,  and  the  local 
bulk  naphthalene  vapor  density. 

h^  -  m  /  (  w  -  t,)  *  (1) 

The  rate  of  mass  transfer  per  unit  surface  area  at  the  measurement  point 
was  evaluated  from  the  density  of  solid  naphthalene,  the  measured  change 
of  elevation  at  the  measurement  point,  and  the  duration  of  the  test  run. 

m"  =  s  *  ‘Z/  t.  (2) 

The  local  naphthalene  vajor  density  was  calculated  fror,  the  ideal  gas 
law  in  conjunction  with  tire  measured  naphthalene  surface  temperature  and 
with  the  vapor  pressure-temperature  re  1  at  ionship>  for  naphthalene 
developed  by  Sogin  (19S8). 
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w  Pv/  ^  V  ' 


icgio  pw  =  A  -  B/V 


where  Ry,  A,  and  B  were  given  by  Sogin  (1958). 

The  local  bulk  naphthalene  vapor  density  was  evaluated  by  the 


equation 


=  M/0. 


The  cumulative  mass,  M,  was  the  total  mass  which  entered  the  airstream 
from  the  four  channel  walls  between  the  entrance  and  the  measurement 
station  over  the  duration  of  the  test. 

Based  on  the  definition  of  the  local  Sherwood  number, 


Sh  =  \  •  D/D  =  *  D/(v/Sc>, 


where  the  Schmidt  number  for  naphthalene  was  2.5,  according  to  Sogin 
(1958).  The  local  Sherwood  number  was  normalized  by  the  Sherwood  number 
for  fully  developed  turbulent  flow  in  a  smooth  square  channel. 

sh  tyvS 

ShQ  0.023  Re0-8  Pr0*4  (Sc/Pr)0-4 

where  the  correlation  of  Dittus  and  Boelter  and  the  heat/mass  transfer 
analogy,  Nu/Sh  =  (Pr/Sc)8,4,  were  used. 


For  a  0.56°C  (1°F)  variation  in  the  naphthalene  surface 
temperature,  it  was  found  that  there  was  a  6  percent  change  in  the  local 
naphthalene  vapor  density,  according  to  equations  (3)  and  (4).  In  the 
present  study,  the  naphthalene  surface  temperatures  were  measured  at  two 
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stations  in  each  of  the  two  straight  sections  of  the  test  channel.  The 
variation  of  the  four  temperatures  for  any  test  run  was  never  more  than 
0.28°C  (0.5°F).  Therefore,  the  uncertainties  in  the  local  vapor  density 
calculations  were  relatively  small  although  the  surface  temperatures  at 
all  the  elevation  measurement  stations  were  not  measured. 

It  should  be  noted  that  the  measured  naphthalene  surface 
temperatures  were  about  0.56°C  (1°F)  higher  than  the  inlet  air 
temperature  in  any  test  run.  If  the  naphthalene  surface  temperatures 
had  not  been  measured  and  if  the  naphthalene  surface  temperatures  had 
been  assumed  to  be  the  same  as  the  inlet  air  temperature,  the  calculated 
local  vapor  densities  would  have  been  6  percent  too  low.  As  a  result, 
the  local  Sherwood  numbers  would  have  been  6  percent  higher  than  what 
they  were  supposed  to  be. 

Since  the  surface  contours  were  measured  at  discrete  points  along 
one,  two,  or  three  lines  on  the  naphthalene  surfaces,  errors  were 
introduced  into  the  calculations  of  the  bulk  vapor  densities  when  they 
were  determined  from  the  cumulative  mass  transferred  into  the  airstream. 
Fortunately,  the  bulk  vapor  densities  were  generally  much  smaller  than 
the  local  naphthalene  vapor  densities.  The  maximum  values  of  the  former 
did  not  exceed  10  percent  of  the  latter. 

The  maximum  uncertainty  in  the  calculations  of  (rw  -  was 
estimated  to  be  6  percent.  Other  uncertainties  in  che  calculations  of 
the  density  of  solid  naphthalene  (>s),  of  the  contour  measurement  CZ), 
and  of  the  duration  of  the  test  run  (At)  were  estimated  to  be  2,  4,  and 
3  percent,  respectively.  By  using  the  uncertainty  estimation  method  of 
Kline  and  McClintock  (1953),  it  was  found  that  the  maximum  uncertainty 
in  the  calculated  local  Sherwood  numbers  was  less  than  8  percent. 
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4.0  EXFEKDCKQVL  RESULTS  A*C  DISCUSSION 

The  local  mass  transfer  results  are  presented  in  this  section  as 
the  axial  distributions  of  a  normalized  Sherwood  number  ratio,  Sh/ShQ, 
as  given  in  equation  (7).  For  each  set  of  data,  the  Sherwood  number 
ratios  along  the  inner  line,  the  center  line,  and  the  outer  line  (Figure 
3a)  on  the  top  wall  are  plotted  separately  from  those  along  the  two 
axial  lines  (inner  line  and  center  line)  on  the  inner  and  outer  walls. 
Along  the  axial  lines,  the  Sh/ShQ  data  are  not  evenly  distributed.  For 
the  smooth  channel  test  runs,  there  are  more  data  points  around  the  turn 
than  along  the  straight  sections  of  the  channel.  For  the  ribbed  channel 
runs,  there  are  many  data  points  between  adjacent  ribs  on  the  top  wall 
to  illustrate  the  axially  periodic  nature  of  the  Sh/ShD  distributions. 
A  list  of  mass  transfer  test  runs  with  all  the  variable  parameters  is 
presented  in  Appendix  B . 

4.1  Experimental  Results  for  the  Smooth  Channel 

The  local  Sherwood  number  ratio  results  for  the  smooth  channel  are 
shown  in  Figures  4,  5,  and  6  for  the  three  Reynolds  numbers  studied.  In 
Figure  4,  the  Sh/ShQ  data  along  the  entire  test  channel  are  shown,  while 
in  Figures  5  and  6,  only  the  data  in  the  before-turn  region,  in  the  turn 
region,  and  in  the  after-turn  region  are  plotted  so  that  the  effect  of 
the  turn  on  the  Sh/ShQ  can  be  examined  closely.  In  this  paper,  the 
before-turn  and  after-turn  regions  refer  to  the  sections  of  the  test 
channel  between  X/D  =  9  and  12,  and  X/D  =  14  and  17  (3D  upstream  and  3D 
downstream  of  the  turn),  respectively. 

Attention  is  first  focused  on  the  Sh/ShD  distribution  on  the  top 
wall  in  Figure  4.  In  the  entrance  section,  the  Sherwood  number  ratio 
decreases  monotonically  with  increasing  axial  distance  until  it  attains 
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the  value  of  one  at  X/D  =  10.  The  Sh/Sh0  distribution  compares  well 
with  that  for  a  straight  smooth  channel  of  large  aspect  ratio  by  Sparrow 
and  Cur  (1982). 

Entering  the  turn  region,  the  Sh/ShQ  increases  with  a  rapid 
increase  along  the  outer  line.  The  increase  is  believed  to  be  the 
result  of  the  secondary  flow  induced  by  the  turn.  The  dip  in  the  Sh/ShQ 
distribution  along  the  outer  line  at  X/D  =  12.5  indicates  that  there  is 
a  low  mass  transfer  zone  at  the  outside  corner  of  the  turn  region.  The 
outer-line  Sh/ShQ  then  increases  gradually  and  reaches  a  maximum  at  the 
end  of  the  turn  (X/D  =  14.5).  The  large  Sh/Sh0  values  near  the  outer 
wall  at  the  end  of  the  turn  are  caused  by  the  flow  being  forced  outward 
by  the  sharp  turn. 

The  low  Sherwood  number  ratios  along  the  inner  line  at  X/D  =  13.5 
are  due  to  the  flow  separation  at  the  tip  of  the  inner  wall.  The  down 
turn  of  the  Sh/ShQ  distribution  along  the  center  line  it  X/D  =  14  can 
also  be  attributed  to  the  flow  separation.  The  large  values  of  the 
Sh/St^  at  X/D  =  15  along  the  inner  line  are  due  to  the  flow  reattachment 
and  the  flow  being  pushed  back  toward  the  inner  wall  after  the  turn.  In 
general,  the  top-wall  Sh/ShQ  values  in  the  after-turn  region  are  much 
higner  than  those  in  the  before-turn  region. 

Leaving  the  after-turn  region,  the  top-wall  Sh/ShQ  drops  gradually. 
The  flow  becomes  almost  redeveloped  near  the  end  of  the  second  straight 
section  of  the  test  channel. 

Attention  is  now  turned  to  the  Sh/ShQ  distributions  on  the  inner 
wall  and  on  the  outer  wall.  In  the  before-turn  region,  the  values  of 


Sh/ShQ  on  both  the  inner  and  outer  walls  are  about  one.  In  the  turn 
region,  the  outer-wall  Sh/ShQ  increases  gradually  arouno  the  turn.  In 


the  after-turn  region,  the  Sh/ShQ  along  the  outer  wall  is  high  at  X/D  = 
14.  The  flow  is  being  forced  toward  the  outer  wall  at  the  end  of  the 
turn.  Further  downstream,  the  outer-wall  Sh/ShQ  reaches  a  minimum  at 
X/D  =  15  and  then  a  peak  at  X/D  =  16,  showing  that  the  flow  is  being 
pushed  away  from  the  outer  wall  and  then  back  toward  the  outer  wall 
again . 

The  effect  of  the  flow  separation  (at  the  tip  of  the  inner  wall) 
and  reattachment  on  the  flow  field  can  be  seen  very  clearly  in  the 
inner-wall  Sh/ShQ  distribution  in  the  after-turn  region.  The  inner-wall 
Sh/ShQ  distribution  is  initially  very  low  at  X/D  =  14.5  and  has  a  high 
peak  at  X/D  =  15.5. 

The  inner-wall  and  outer-wall  Sh/ShQ  values  in  the  after-turn 
region  are  generally  higher  than  those  in  the  before-turn  region. 
Downstream  of  the  after-turn  region,  the  Sh/ShQ  drops  gradually  as  the 
effect  of  the  turn  on  the  flow  diminishes.  In  the  downstream  straight 
section  of  the  test  channel,  the  criss-crossing  pattern  of  the  Sh/ShG 
distribution  shows  that  the  flow  is  being  pushed  toward  the  inner  wall 
and  the  outer  wall  alternately. 

The  Sh/ShQ  distribution  for  Re  =  15,000  presented  in  Figure  5 
exhibits  the  same  general  trends  as  that  for  Re  =  30,000.  Again,  in  the 
turn  region,  low  Sh/Sh0  zones  on  the  top  wall  are  evident  at  the  outside 
cornet  at  X/D  =  12.5  (due  to  flow  recirculation)  and  near  the  tip  of  the 
inner  wall  at  X/D  =  13.0  (due  to  flow  separation). 

In  the  after-turn  region,  the  Sh/ShQ  distributions  are  very  high 
near  the  flow  reattachment  zone  on  the  inside  of  the  top  wall  and  on  the 
inner  wall  at  X/D  =  15.5.  The  inner-line  Sh/ShD  on  the  outer  wall  drops 
to  a  minimum  at  X/D  =  15.5  and  reaches  a  peak  at  X/D  =  16,  showing  that 
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the  flow  may  be  forced  away  from  the  outer  wall  and  the  inner  wall 
alternately  in  the  after-turn  region,  as  in  the  case  of  Re  =  30,000. 

The  Sh/ShQ  distribution  for  Re  =  60,000  (Figure  6)  is  only  slightly 
different  from  those  for  Re  =  30,000  and  15,000.  Just  before  entering 
the  turn  region  (X/D  =  11.5),  the  inner-wall  Sh/ShQ  increases  while  the 
outer-wall  Sh/Sh0  decreases  to  below  one.  The  flow  being  forced  inward 
due  to  the  turn  is  more  evident  in  this  case  than  in  the  two  previous 
cases. 

The  recirculation  zone  at  the  outside  corner  of  the  turn  at  X/D  = 
12.5  as  well  as  the  flow  reattachment  zone  on  the  inner  wall  and  on  the 
inside  of  the  top  wall  at  X/D  =  15.5  can  be  identified  very  easily.  In 
the  turn  region,  the  inner-line  Sh/ShD  on  the  top  wall  remains  quite 
constant.  Otherwise,  the  Sh/Sh&  distribution  for  Re  =  60,000  is  similar 
to  those  for  the  two  low  Reynolds  numbers  studied. 

4.2  Experimental  Results  for  the  Rib-Roughened  Channel 
4.2.1  Local  Mass  Transfer  Data 

The  experinental  results  for  the  rib-roughened  channel  with  e/D  = 
0.063,  F/e  =  10,  and  u  =  90°  are  shown  in  Figures  7,  8,  and  9.  Firstly, 
the  Sh/ShG  distribution  for  Re  =  60,000  shown  in  Figure  7  will  be 
examined.  In  the  entrance  section  of  the  test  channel,  the  axial  Sh/Shn 
distribution  on  the  top  wall  decreases  with  increasing  distance,  and 
settles  into  a  periodic  pattern  with  a  small  sf>anwise  variation,  just 
before  entering  the  sharp  turn.  In  the  periodic  region,  the  maximum 
Sh/ ShQ  value  between  adjacent  ribs  is  approximately  equal  to  3.  The 
axial  location  where  the  value  of  Sh/ShQ  is  maximum  (due  to  flow 
reattacljuent)  is  about  2  to  3  times  the  rib-height  downstream  of  a  rib. 
At  X/D  =  11,  the  top-wall  Sh/ShD  increases  with  a  faster  increase  along 


the  outer-line  than  along  the  inner-line  as  the  flow  begins  to  turn 
inward. 

In  the  turn  region,  the  top-wall  Sh/ShQ  is  relatively  low  since 
there  is  no  rib  in  the  region.  In  the  after-turn  region,  the  top-wall 
Sh/Shc  distribution  is  generally  higher  than  that  in  the  be^ore-turn 
region.  There  is  an  increase  in  the  Sh/ShQ  in  the  spanwise  direction 
toward  the  outer  wall.  Further  downstream  of  the  turn,  the  peak  between 
adjacent  ribs  in  the  Sh/ShQ  distribution  decreases  gradually  and  the 
spanwise  variation  becomes  smaller.  The  Sh/Sh0  becomes  periodic  again 
near  the  end  of  the  second  straight  section  of  the  channel. 

In  the  before-turn  region,  the  Sh/Sh0  distribution  on  the  inner 
wall  is  about  the  same  as  that  on  the  outer  wall  with  the  inner-line 
Sh/ShQ  values  on  each  wall  slightly  higher  than  the  corresponding 
center-line  Sh/ShG  values  (due  to  the  proximity  of  the  ribs  on  the  top 
wall  to  the  inner  line  on  each  wall).  The  outer-wall  Sherwood  number 
ratios  in  the  turn  region  are  generally  higher  than  those  in  the  before¬ 
turn  region. 

After  the  turn,  the  side-wall  Sherwood  number  ratios  remain  as  high 
as  those  in  the  turn  region,  with  the  values  on  the  inner-wall  slightly 
higher  than  those  on  the  outer  wall.  The  initial  low  values  of  the 
inner-wall  Sh/ShQ  at  X/D  =14.5  are  due  to  the  flow  separation  at  the  tip 
of  the  inner  wall.  The  flow  reattaches  at  X/D  =  15,  resulting  in  the 
peak  in  the  inner-wal  1  Sh/Sh  distribution.  In  the  downstream  straight 
section  of  tie  channel,  tlie  inner -wall  and  the  outer-wall  distributions 
cross  several  times  more.  It  appears  that  the  flow  is  being  pushed 
toward  the  inner  wall  and  the'  outer  wall  alternately  as  a  result  of  the 
turn . 
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In  Figures  8  and  9,  the  Sh/ShD  distributions  are  shown  for  Re  = 
30,000  and  15,000,  respectively.  Only  the  Sh/ShQ  data  in  the  before¬ 
turn,  the  turn,  and  the  after-turn  regions  are  presented.  As  in  the 
previous  case,  the  top-wall  Sh/ShQ  distribution  is  periodic  in  the 
before-turn  region  with  an  increasing  spanwise  Sh/ShQ  variation  just 
before  entering  the  turn  region.  A  close  examination  of  the  figures 
reveals  that,  for  Re  =  15,000,  the  increase  of  the  spanwise  Sh/ShQ 
variation  begins  earlier  than  that  in  the  higher  Reynolds  number  case. 
Comparing  Figures  7,  8,  and  9,  there  is  a  definite  increase  in  the 
spanwise  Sh/ShQ  variation  in  the  after-turn  region  as  the  Reynolds 
number  decreases.  For  all  three  Reynolds  numbers,  the  after-turn  top- 
wall  Sherwood  number  ratios  near  the  outer  wall  are  higher  than  those 
near  the  inner  wall. 

Effect  of  Rib  Spacing 

The  experimental  results  for  a  ribbed  channel  with  e/D  =  0.063,  P/e 
=  20,  and  h  =  90°  are  shown  in  Figure  10  for  Re  =  30,000.  The  top-wall 
Sh/ShQ  distribution  has  many  of  the  characteristics  of  that  for  a  ribbed 
channel  case  with  a  smaller  rib  spacing  of  P/e  =  10.  The  effect  of 
increasing  the  rib  spacing  (P/e)  on  the  Sh/ShQ  distribution  around  a 
sharp  180°  turn  is  the  overall  lower  Sh/ShQ  values.  In  the  before  turn 
region,  the  top-wall  Sh/Shc  distribution  is  axially  periodic  with  a 
relatively  small  spanwise  variation.  The  after-turn,  top-wall  Sh/ShQ 
distribution  is  generally  higher  than  that  in  the  before-turn  region 
with  the  larger  values  of  the  Sh/ShQ  along  the  outer  line.  As  the  peak 
between  adjacent  ribs  in  the  after-turn  Sh/ShQ  distribution  drops 
gradually  with  increasing  axial  distance,  the  spanwise  variation 
decreases.  The  peak  in  the  outer-line,  top-wall  Sh/ShQ  distribution  for 


P/e  =  20  drops  in  the  streamwise  direction  slightly  Caster  than  that  for 
P/e  =  10. 


The  effect  of  the  height  of  the  ribs  on  the  heat  transfer  around  a 
sharp  turn  is  studied  by  examining  Figures  8  and  11,  in  which  the  Sh/Shc 
distributions  for  e/D  =  0.063  and  0.094,  respectively,  are  shown.  The 
top-wall  Sh/ShQ  distribution  for  e/D  =  0.094  is  higher  than  tliat  for  e/D 
=  0.063  around  the  sharp  turn.  In  both  cases,  the  peaks  in  the  top-wall 
Sh/ShQ  distributions  in  the  after-turn  region  drop  with  increasing  axial 
distance  at  about  the  same  rate. 


The  spanwise  variation  of  the  after-turn  top-wall  Sh/ShQ  for  ribs 
with  a  large  e/D  is  smaller  than  that  for  ribs  with  a  small  e/D. 

On  the  inner  and  outer  walls,  the  Sh/Sh0  distributions  for  e/D  = 
0.094  are  again  higher  than  those  for  e/D  =  0.063  around  the  turn.  In 
the  after-turn  region,  the  inner-wall  and  outer-wall  Sherwood  number 
ratios  for  e/D  =  0.094  stay  about  constant  with  the  inner-wall  Sh/ShQ 
values  higher  than  the  outer-wall  values.  There  is  no  crossing  of  the 
inner-wall  and  the  outer  wall  Sh/ShQ  distributions  in  the  e/D  =  0.094 
case.  It  appears  that  the  larger  ribs  keep  the  flow  from  being 
deflected  laterally  downstream  of  the  turn. 

Effect  of  Rib.  Angle  on  Local  Sherwood  Number _  Ratio 

The  distributions  of  the  ribbed-wall  Sherwood  number  ratio  along 
three  axial  lines  for  <  =  90°  and  for  Re  =  30,000  are  shown  in  Figure 
12.  The  periodic  nature  of  the  distributions  in  the  entrance  duct  is 
evident.  The  Sherwood  number  ratios  attain  their  maximum  values  at  the 
points  of  flow  reattachment,  which  occur  slightly  upstream  of  the  mid 
points  between  adjacent  ribs.  The  variations  of  the  Sherwood  number 


ratio  in  the  spanwise  direction  are  very  small  compared  with  the  axial 
variations. 

In  the  turn  region,  where  there  is  no  rib  on  either  the  top  wall  or 
the  bottom  wall,  the  Sherwood  number  ratios  along  the  outer  line  are 
higher  than  those  along  the  inner  line.  The  trend  carries  onto  the 
after-turn  region,  where  the  ribbed-wall  Sherwood  number  ratios  near  the 
outer  wall  are  higher  than  those  near  the  inner  wall.  The  low  ribbed- 
wall  Sherwood  number  ratios  near  the  inner  wall  are  the  results  of  the 
flow  separation  at  the  tip  of  the  inner  wall.  The  strong  lateral 
pressure  gradient  due  to  the  sharp  turn  forces  the  main  flow  to  impinge 
onto  the  outer  wall.  The  flow  then  gets  pushed  back  toward  the  inner 
wall,  resulting  in  the  high  ribbed-wall  Sh/ShD  near  the  outer  wall.  In 
general,  the  values  of  the  Sherwood  number  ratios  after  the  turn  are 
greater  than  those  before  the  turn. 

Further  downstream  of  the  turn,  as  the  effect  of  the  turn  on  the 
flow  field  vanishes  gradually,  both  the  peak  Sherwood  number  ratio  and 
the  spanwise  Sh/ShQ  variation  decrease  with  increasing  axial  distance, 

|  until  the  axial  Sh/ShQ  distributions  become  periodic  again. 

The  axial  distributions  of  the  ribbed-wall,  inner-wall,  and  outer- 
wall  Sherwood  number  ratios  for  angles-of-attack  of  60°  and  45°  are 
shown  in  Figures  13  and  14,  respectively.  The  Reynolds  number  is  30,000 
in  both  cases.  Selected  segments  of  the  axial  distributions  before  and 
after  the  turn  from  Figures  13  and  14  are  replotted  on  an  enlarged  scale 
in  Figures  15a  and  15b.  These  figures  facilitate  the  close  examination 
of  the  effects  of  the  rib  angle  and  the  sharp  turn  on  the  local  ribbed- 
wall  Sh/JhQ  in  the  before-turn  and  after-turn  regions.  In  Figures  15a 
I  and  15b,  the  axial  locations  of  the  measurement  stations  relative  to  the 
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ribs  ate  also  il lust  rated. 

For  ■  =  60°,  the  magnitude  o£  the  variations  of  the  before-turn 
top-wal  1  Sh/Shc  in  the  spanwise  direction  is  comparable  to  those  of  the 
axial  periodic  Sh/ShQ  distributions.  The  values  of  the  before-turn 
Sh/Sh0  along  the  outer  line  are  always  greater  than  the  corresponding 
values  along  the  innet  line.  These  lateral  variations  of  the  ribbed- 
wall  Sh/ShQ  in  the  before-turn  region  are  due  to  the  secondary  flow 
along  the  rib  axes  toward  the  inner  wall. 

In  the  turn,  the  values  of  Sh/ShQ  are  lower  than  those  before  the 
turn  with  Sh/ShG  along  the  outer  line  generally  higher  than  those  along 
the  center  line  and  the  inner  line. 

After  the  turn,  the  peak  Sherwood  number  ratios  along  the  outer 
line  decrease  significantly  from  the  before-turn  values,  meanwhile,  the 
decreases  (from  the  before-turn  values)  of  the  peak  Sh/ShQ  along  the 
center  line  and  along  the  inner  line  are  successively  lower  than  those 
along  tie  outer  line.  The  spanwise  variations  of  Sh/ShQ  are  relatively 
small  after  the  turn.  This  may  be  caused  by  the  complicated  interaction 
between  the  main  flow,  which  is  forced  toward  the  inner  wall  due  to  the 
turn  (as  described  earlier),  and  the  secondary  flow  along  the  rib  axes 
toward  the  outer  wall. 

For  =  45°,  the  top-wall  Sh/ShQ  distributions  before  the  turn  are 
similar  to  those  for  ■  =  60°.  Again,  the  Sherwood  number  ratios  along 
the  outer  line  are  higher  than  those  along  the  center  line,  which,  in 
turn,  are  higher  t  Iran  those  along  tlx*  inner  line.  Tie  Sherwood  number 
ratio  is  relatively  uniform  in  the  turn.  The  after-turn  values  of 
Sh/ShQ  are  alrout  tire  same  as  those  in  tlx?  before-turn  region. 

Attention  wil  1  now  be  turned  to  the*  top  of  Figures  13  and  14,  where 
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the  axial  inner-wall  and  tlie  outer-wall  Sherwood  number  distributions 


are  given.  For  -  =  60°,  the  spanwise  variations  of  the  before-turn 
Sh/Shc  on  the  inner  (divider)  wall  are  much  larger  than  those  on  the 
outer  wall.  The  before-turn  Sherwood  number  ratios  along  the  inner  line 
on  the  inner  wall  are  much  greater  than  those  along  the  center  line  on 
the  inner  wall,  while  on  the  outer  wall,  the  center-line  Sh/ShQ  were 
only  slightly  higher  than  the  inner-line  Sh/ShG.  The  secondary  flow 

created  by  the  oblique  ribs  impinges  onto  the  inner  wall,  resulting  in 

the  high  Sh/ShQ  on  the  inner  wall  near  the  ribbed  walls.  For  ,  =  45°, 
the  before-turn  Sh/ShQ  exhibit  the  same  trends  except  that  the  spanwise 
Sh/Shc  variations  on  the  inner  wall  are  not  as  large  as  those  for  i  = 
60°. 

After  the  turn,  the  inner-wall  Sh/ShQ  for  both  i  =  60°  and  »  =  45° 
are  large  compared  to  the  corresponding  outer-wall  Sh/ShQ.  The  high 
Sh/ShQ  on  the  inner  wall  is  believed  to  be  caused  by  flow  reattachment 
along  with  the  main  flow,  which  is  being  forced  toward  the  inner  wall 
due  to  the  turn.  On  the  outer  wall,  the  after-turn  Sh/ShG  along  the 
inner  line  are  higher  than  those  along  the  center  line  for  >.  =  60°. 
However,  the  reverse  is  true  in  the  case  of  i  =  45°. 

Effect  of  Reynolds  Number 

The  effect  of  the  Reynolds  number  on  tiie  local  Sherwood  number  will 
now  be  examined.  Experimental  data  for  .  =  60°  and  45°  and  for  Re  = 
15,000  and  60,000  are  presented  in  Figures  16  through  19. 

Attention  is  focused  first  on  Figures  16  and  17,  along  with  Figure 
13.  The  top-wall  Sherwood  number  ratios  in  all  three  cases  are  very 
similar.  The  spanwise  top-wall  Sh/ShQ  variations  decrease  with 
increa:  ing  Reynolds  number.  Before  the  turn,  there  are  much  larger 
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sponwise  Sh/Sh()  variations  on  t  U-  inne  r  wall  than  on  the  outer  wall  for 
all  Reynolds  numbers.  However  ,  the  differences  .ire  less  evident  in  the 

case  of  Re  =  15,000.  After  the  turn,  the  inner-wall  Sherwood  number 
ratios  are  always  higher  than  the  corresponding  outer-wall  values  and 
the  differences  are  smaller  at  higher  Reynolds  numbers. 

Comparing  Figures  18  and  19  with  Figure  14,  it  can  be  seen  that  the 
spanwise  variations  of  the  before-turn,  top-wall  Sh/ShQ  are  again  very 
large  at  low  Reynolds  numbers.  The  differences  between  the  before-turn 
Sh/Shc  variations  on  the  inner  wall  and  those  on  the  outer  wall  are  most 
pronounced  at  Re  =  15,000. 

In  general,  the  flow  Reynolds  number  has  only  a  modest  effect  on 
the  local  Sherwood  number  ratio. 

4.2.2  Average  Mass  Transfer  Data  and  Correlations 

Be&ulbs.. loi, Sfe)Q.th. Chgppgl  and _Xq r JEiansyg jgg_Riks  U  =  90°) 

The  local  Sherwood  number  ratios  were  averaged  over  various 
segments  of  the  interior  channel  surfaces  in  the  before-turn  region,  in 
the  turn  region,  and  in  the  after-turn  region.  The  averaging  of  the 
local  Sherwood  number  ratios  was  area-weighted.  A  typical  set  of  Sh/ShQ 
results  for  Re  =  30,000  and  =  90°  is  given  in  Figure  20.  In  the 
figure,  the  top-wall,  the  outer-wall,  and  the  inner-wall  average 
Sherwood  number  ratios  for  the  smooth  and  roughened  channel  cases 
studied  are  shown  in  three  separate  charts. 

Figure  20  shows  that  the  present  Sh/Sh  data  for  the  smooth  channel 
are  always  lower  than  those  for  the  rib-roughened  channel.  For 
instance,  the  top-wall  Sh/Shf;  values  for  the  smooth  channel  in  the 
before-turn  region,  in  the  turn  region,  and  in  the  after-turn  region  are 
1.1,  1.7,  and  2.05,  respectively.  The  corresponding  5h/Sh()  values  for  a 
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typical  roughened  channel  with  P/e  -  10,  e/D  =  0.063,  and  -  90°  are 
2.6,  2.55,  and  3.5.  Increasing  the  rib  height  results  in  a  higher 
Sh/ShQ  around  the  turn  due  to  the  higher  turbulence  level  in  the  flow 
for  the  larger  rib  case.  However,  increasing  tlie  r  it>  i  itch  lowers  tin 
Sh/ShC)  around  the  turn  because  of  the  longer  boundary  layer  between 
adjacent  ribs  downstream  of  the  reattochrent  zone. 

The  after-turn  Sh/ShQ  values  are  always  higher  than  the 
corresi«nding  before-turn  values  as  a  result  of  tie  sharp  turn.  For  the 
smooth  channel,  the  top-wall  Sh/ShQ  in  the  turn  region  is  more  than 
fifty  percent  higher  tlian  tliat  in  the  before-turn  region.  However,  for 
the  roughened  channel  cases,  the  top-wall  Sh/Sh0  values  in  the  turn 
region  are  slightly  lower  than  the  respective  before-turn  Sh/ShD  values 
because  there  is  no  rib  on  the  top-wall  in  the  turn  region. 

In  all  of  the  cases  studied,  tfie  values  of  the  outer-wall  Sh/Sh(  in 
the  turn  region  are  only  slightly  different  from  t  fie  corresponding 
after-turn  values. 

The  Sh/ShG  data  for  both  the  smooth  and  roughened  channels  were 
found  to  t>e  correlated  well  by  the  following  equation: 


Sh/  Sh0  =  a 


Reb  [  (e/D)/ 0.06 3 .  [(P/e)/10]n, 


with  the  numerical  values  of  a,  b,  m,  and  n  listed  in  Table  2.  Equation 
(8)  correlates  all  of  the  Sh/ShQ  data  of  the  present  investigation  to 
within  i  6  percent.  Readers  should  be  cautioned  that  equation  <8' 
applies  only  to  a  smooth  channel  or  a  ribbed  channel  with  a  nt  angle- 
cf-attack  of  90°.  Correlations  for  other  angle -of -at  tack  cases  can  tie 
found  in  equation  (S).  In  Figures  21a  and  21b,  the  present,  top-wall 
Sh/Stm  data  in  the  before-turn  and  tf*  after-turn  regions  for  botr  trie 


smooth  .in<i  louut.onoii  etuinni  1.  .no  plot  tod  against  the  flow  Reynolds 
number  along  with  t  lio  corn  1  at  ion  e,l  equation  (8). 

Results  for  Angled  Rit»5  (  "  %'°,  60°,  and  45°) 

(■’or  a  I  i  t  lie  cu;.o:.  :  tuun  d,  the-  !  oea  J  Sherwood  number  tat i os  for 
individual  sc-oment:  ot  tin  cUmne  ■  1  walls  before  the  turn,  in  tlie  tuin, 
and  aftet  the  turn  were  averaged.  T/,  ical  average  Sherwood  number 
ratios,  those  fot  Re  =  :  ,  o  in  Figures  22a  and  22b.  In 

Figure  ?la,  tie  average  Sferwood  number  ratios  (Sh/ShQ)  are  plotted  as 
funct  ic  ns  of  the  i  lb  angle.  Ref  cue  the  turn,  the  top-wall  Sh/ShQ  are 
much  grt.itet  than  t  f»  outer -wall  Sh/Sh()  and  the  inner-wall  Sh/ShQ  for 
all  thtee  angles-of-attack  of  90°,  60°,  and  45°.  The  top-wall  Sh/Sh0, 
t  he  oute  r-wall  Sh/Shc,  and  the  inner-wall  Sh/ShD  for  <.  =  60°  are  all 
higher  tlian  their  counterparts  for  -  90°  and  >  =  45°. 

After  the  turn,  the  inner-wall  Sh/ShQ  are  higher  than  the  outer- 
wal  1  Sh/Sh()  fot  al  1  tfuee  r  it)  angles.  Also,  the  top-wall  Sh/ShQ  for  >.  -- 
60°  dec r e  uses  signi f ioant 1 y  after  the  tur  n  from  its  before-turn  value 
while  those  for  =■  90°  and  45°  increase  after  the  turn  from  their 
cor  t  erg  onding  teforo-turn  values.  These  trends  are  also  evident  in 
Figure  -it,  wl  k  i  e  •  the  hh/.shn  ter  ults  are-  rep  lotted  to  show  the  effect  of 
t  fie  •  Ik:  i  {  180*'  turn  mi  t  fie  uve  r  cieu  Sr.  r  wood  nuirber  ratios  for  the  three 

r  it  jis>:  1  e  ;  -r.f-dt  t  ark  ;  t  ulitd. 

Tin  ave-r  ,>.}*•  She  r woe*..  r;."te:  r.»t  kn  for  the  various  segments  of  the 
•  i*  .  *  i :  w*  r*  1  i  if " :  ■  •  ; a  i  r>  ;  ut  ewl  well  with  the  Reynolds  number 
and  f  ;«  '  ; :  .,r  '  e  : .•  t  i «  t  -  '  1  * >w . r  g  ■■  ■  mat  i on 

S:  .  :  i  i  q*  '  ,  (9) 

wt *  :  *  ,  :  .  ir»:  c  •  v  :  ?  ■  as  ,  a  (  f  ic  lent  s.  The-  numerical  values  of 


these  coefficients  are  listed  in  Table  3.  Equation  (9)  with 
coefficients  from  Table  3  correlate  the  experimental  data  of  the  present 
study  to  within  ±  6  percent.  It  should  be  noted  that  equation  (9) 
applies  to  e/D  =  0.063  and  F/e  =  10  only.  Correlations  for  the  cases  of 
other  e/D  and  P/e  ratios  can  be  found  in  equation  (8). 

Figure  23a  shows  (Sh/Sh0)  (90°/u)c  as  a  function  of  the  flow 
Reynolds  number.  The  experimental  data  points  shown  in  the  figure  are 
the  top-wall  Sh/Sh0  obtained  in  the  present  study.  The  figure  shows 
that  the  present  experimental  before-turn  and  after-turn  results  are 
well  represented  by  the  equations. 

The  Sherwood  number  ratios  for  all  of  the  surfaces  in  and  around 
the  180°  turn  were  averaged.  The  overall  average  Sherwood  number  ratios 
(Sh/Shc)  for  the  three  rib  angles  studied  are  plotted  versus  the  flow 
Reynolds  number  in  Figure  23b.  The  overall  Sherwood  number  ratio  is 
independent  of  the  rib  angle  but  decreases  slightly  with  increasing 
Reynolds  number.  It  was  found  that  the  following  equation 

Sh/ShQ  =  7.0  Re-0*1  (10) 


correlates  the  data  to  within  ±  4  percent. 

4.2.3  Comparison  with  Heat  Transfer  Data 

Results  for  Smooth  Channel  and  for  Transverse  Ribs  (a  =  90°) 

The  results  of  the  present  study  will  now  be  compared  with 
publ  ished  heat  transfer  data  for  smooth  and  roughened  cliannels  with  a  = 
90°.  The  present  smooth  channel  data  are  presented  in  Figure  24a  along 
with  the  heat  transfer  data  for  a  smooth  two-pass  channel  of  an  aspect 
ratio  of  0.4  reported  by  Metzger  and  Sahm  (1985).  In  Figure  24a,  the 
present  overall  Sherwood  number  ratio  in  the  before-turn,  the  turn,  or 
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the  after-turn  region,  Sh/Sh0,  is  the  area-weighted  average  of  the 
Sh/ShQ  values  on  the  top  and  side  walls  in  the  respective  region.  The 
heat  transfer  data  are  based  on  the  Nusselt  number-Reynol ds  number 
correlations  in  regions  2,  3,  and  4  given  by  Metzger  and  Sahm  (1985). 
The  Nusselt  numbers  are  converted  to  the  corresponding  Sherwood  numbers 
by  Sh  =  (Sc/Pr)®"^  Nu. 

Both  the  present  mass  transfer  data  and  the  published  heat  transfer 
data  show  that,  for  all  three  Reynolds  numbers,  the  average  Sherwood 
number  ratios  in  the  after-turn  region  and  in  the  turn  region  are 
successively  higler  tlian  those  in  the  before-turn  region.  In  addition, 
both  the  present  data  and  those  cf  Metzger  and  Sahm  (1985)  decrease 
slightly  with  increasing  Reynolds  number. 

For  the  typical  case  of  Re  -  30,000,  the  present  nass  transfer  data 
in  the  before-turn  region  and  in  the  turn  region  are  about  4  and  12 
percent  higher  than  the  corresponding  heat  transfer  data,  while  the 
present  Sh/ShG  in  the  after  turn  region  is  about  9  percent  lower. 
Considering  the  differences  in  the  channel  aspect  ratios  and  in  the 
channel  surfaces  over  which  the  data  are  averaged  in  the  two  studies, 
the  agreement  between  the  present  data  and  those  by  Metzger  and  Sahm 
(1985)  is  very  good. 

In  Figure  24b,  the  present  ribbed  channel  data  are  compared  with 
the  heat  transfer  data  by  Han  et  al.  (1985,  1986).  The  heat  transfer 
data  are  for  the  fu)  ly  developed  flow  of  air  in  a  uniformly  heated, 
straight,  square  channel  with  two  <  re  ribbed  walls,  and  with  the 
same  values  of  e/D,  P/e,  and  Re  s  those  of  the  present  study.  The 
fully  developed  Nusselt  numbers  o  the  ribbed  walls  are  converted  to 
their  corresponding  Sherwood  numbers.  They  are  then  plotted  along  with 
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the  before-turn,  top-wall  Sh/ShG  data  of  the  present  study  for  the  three 
Reynolds  numbers  of  15,000,  30,000,  and  60,000.  Figure  24b  shows  that 
the  present  mass  transfer  data  are  slightly  higher  (by  up  to  10  percent) 
than  the  heat  transfer  data.  This  may  be  due  to  the  effect  of  the  turn 
on  the  top-wall  SK/Sh0  at  the  end  of  the  before-turn  region. 

Results  for  Angled  Ribs  (  -=  90°,  60°,  and  45°) 

In  Figure  25,  the  averages  of  the  before-turn  ribbed-wall  Sherwood 
numbers  for  all  the  cases  studied  were  con^ared  with  the  fully  developed 
average  heat  transfer  data  reported  by  Han  et  al.  (1985,  1986).  The 
average  heat  transfer  data  are  those  for  the  fully  developed  flow  of  air 
in  a  uniformly  heated,  straight,  square  channel  with  two  opposite  ribbed 
walls,  and  with  the  same  values  of  e/D,  p/e,  <  ,  and  Re  as  those  of  the 
present  study.  The  Nusselt  numbers  from  the  heat  transfer  studies  were 
converted  to  their  corresponding  Sherwood  numbers. 

It  can  be  seen  from  Figure  25  that  the  present  mass  transfer 
results  centered  very  well  with  the  publ  ished  loat  transfer  data  in  most 
cases.  The  deviations  between  the  heat  transfer  and  mass  transfer  data 
are  less  than  10  percent,  except  for  the  case  of  >  =  45°  and  Re  - 
60,000,  the  deviation  of  which  is  14  percent.  The  good  agreement 
between  the  heat  and  mass  transfer  data  reaffirms  that  the  naphthalene 
sutii  imat  ion  technique  is  a  reliable  tool  for  the  determination  of  highly 
localised  distributions  of  the  teat  transfer  coefficient  in  cornpl  icated 
channel  flows,  such  as  those  encountered  in  the  present  study. 
Itf  iii!  1  i  dit'd  iif.i*  transfer  data  in  NASA  CR-4  0 1 5  (Han  1986  ) 
.in  iwr,  it,  i  r'.fni  r  n't  rib  < « i  i ont  a t  ion  foi  the  square  duct.  A 
pub  1  i  or  i  at  a  <j  i  ves  t  he  correct  orientation. 


5.0  PRESSURE  DROP  MEASUREMENT 


5.1  To:  t  Sect  ion  and  Dot  a  Anal  .,  in 

A  ..clenotic  diagrai;  cl  n«  to:  t  .  •  vt  ion  lot  pressure  drop/friction 
factor  < 'Xj-or  iruentf  it;  shown  iti  Frcur»  26.  The  1  1  ow  geometry  of  this 
apparatus  models  situation;;  t  hat  ox  i;  t  in  actual  turbine  engine  ait- 
foils.  Tiie  internal  geonot  ry  ol  the  to:  t  section  and  tfie  construction 
we  1 1‘  vet  ■/  sit.ii  1  ar  to  that  of  tin;,....  t  i  atml'et  tent  sect  ion  desct  il  ed 
earlier.  Tlie  only  difference  wan  (/I  tie  note-rial  used  lot  construction. 

In  this  case,  Plexiglas  was  used  instead  ot  aluminum. 

To  measure  the  pressure  droj  ,  twenty  (20)  pressure  taps  (1/32-in) 
in  all  were  drilled  in  tlie  ciianno)  walls  at  locations  shown  in  Figure 
26.  Fifteen  (15)  out  of  twenty  (20)  pressure  taps  were  along  the  outer 
wall  of  tlie  test  cliannel  with  eight.  (6)  ^aps  before  tlie  turn  and  seven 
(7)  taps  after  the  turn  region.  rh.»  ?♦>!-.! in mq  f  i •.•*>  *  6)  •mips  were  provided 
on  the  top  wall  with  two  (2)  taps  oacl  l  .chore  and  after  the  turn  and  one 
(1)  in  t  he  turn  region.  The  \  r  ensure  top:  number  3,  7,  11,  and  15  were 
thoughtfully  used  to  take  into  account  fin-  iilbuno'  in  preinme  droj 
data  at  the  top  wail  anti  tlie  sid<  w«»  I  I  (it  any).  For  t  lie  ca  lculat  ions, 
of  the  pressure  drop  and  friction  factor,  the  average  values  were 
considered  at  these  four  cross-sect  u>r  . '  mentions. 

For  the  rough  cliantn  I  test:  ,  tin  mas:  r  ins.  worn  ;  laced  and  glued 
onto  tit  top  and  tie  ! **t  1 1  «:•  wa  i  ! .  in  t  Ik  :  -i «  -<  s*  -t  ei.'.im:  fashion  as  was 

done  ir.  t  U  case  of  m:  .  t  r  ,n.  (•  •  t «  s  f  run.  . 

Th<  ; ; !  f  S:  i:  1  i  tiro;  ,I«  :  >  .  t  !••  c:  ..IS.*  I  •  c.  i  i 

l  nc  1  i  J'a  d  •;  i ;  ,  i  I  ’  —  t  ill  it  :  via  i  i  '  '  :  .  ’  i  ■  t  '•<  ■  s  m  S'  :  t.  ,  it  » a.  :  •  >  r 

t  hat  Is  s  a-  ,r.  it  . ; . .  r  t  •  l  •  :  r  <  ;  •  .  s  i .(  w.i.  ■  .  •  .  t  t  .  o  .  *  t  r  *  :  < 


the  1'iiction  factor  calculated  were  on  the  basis  of  the  average  values. 
The  average  friction  factor  of  the  present  investigation  was  based  on 
the  adiabatic  conditions  (non-heating  test  runs). 

The  Blausius  equation, 

f (FD)  =  0.079  Re-0'25  (11) 

was  used  to  provide  reference  values  of  the  friction  factor  to  compere 
the  smooth  channel  fully-developed  results  in  the  two  straight  sections 
of  the  present  test  channel . 

The  following  equation  was  used  to  calculate  the  friction  factors 
in  the  fully-developed  before  and  after  turn  regions  of  the  channel,  f^t 
and  fat. 

P 

f  =  - r -  (12) 

4 (L/D)  (GV2  gc) 

where, 

L  =  length  of  the  test  channel  corresponding  to  the  pressure  drop,  P, 

L  =  6.2C  inches  for  before-turn  fully-developed  region  (Tap  3  to  7],  and 
L  -  5.00  incles  for  after-turn  fully-developed  region  [Tap  14  to  16]. 

The  loss  factor  due  to  sudden  contraction  at  the  entrance,  Kc,  and 
the  loss-  factor  for  the  turn  region,  Kt,  was  calculated  by  using  the 
following  relation; 

P 

Kc  I  or  Kt)  =  — — —  (13) 

V2/2gc 

T:.‘-  pi  ecru  re  drop-  for  the  entrance  loss  factor,  Kc , 

:  ,,  ■  :  to  35/16  inches  of  cfiannel  entrance  length  (Tap  3)  and  for 


the  tuin  loss  factoi  ,  K 


i  (•:.  i>.  iiuled  to  7  inches  of  channel 


t  * 

length  (Tap  7  to  14)  . 

Foi  a  better  comparison,  the  pressure  drop  values  were  non- 
dimensional  ised  by  the  dynamic  pressure  (1/2  V  )  and  the  plots  were 
drawn  between  the  non-dimensional  pressure  drop  and  distance,  X/D. 

5.2  Results  and  Discussion 

Pressure.  .Pi.su.igut  ion 

The  non-dinensional  pressure  drop  [ (P  -  Patjn)/(l/2)!  V  ]  results  are 
plotted  against  non-dimensional  axial  distance  tX/Dl.  Each  channel 
geometry  investigated  was  tested  at  six  flow  rates,  covering  Reynolds 
numbers  from  10,000  to  60,000.  A  list  of  pressure  drop  test  runs  with 
all  the  variable  parameters  is  presented  in  Appendix  C.  Figures  27-32 
show  the  plots  with  different  channel/rib  geometries  in  the  same  order 
as  the  list  given  in  Appendix  c. 

Pressure  distributions  in  all  the  cases  show  almost  the  same  trend, 
that  is,  the  non-dimensional  pressure  drop;  increasing  with  decreasing 
Reynolds  number.  The  pressure  drops  (Tap  1,  X/D  =  0.31)  sharply  at  the 
sudden  contraction  entrance  of  tie  channel  to  almost  the  sane  value  in 
all  the  cases.  The  effect  of  Reynolds  number  is  also  very  mininal.  The 
pressure  then  rises  by  the  next  tap  location  (X/D  =  2.19,  Tap  2)  and 
then  drops  in  a  1  inear  fashion  til  1  tap;  7  (X/D  =  10.94).  The  results 
show  that  from  X/D  =  4.69  (Tap  3)  to  X/D  =  10.94  (Tap  7)  can  be  treated 
as  tie  f  ul  1  y-developed  flow  region  before  the  turn.  The  pressure  then 
rises  slightly  in  t  tie  vicinity  of  the  upstream  corner  of  the  turn  (X/D  = 
11.56,  Tap;  8).  A  rapid  drop  in  piressure  has  been  seen  in  the  turn 
region  (X/D  =  11.56,  Tap  8  to  X/D  =  14.44,  Tap  10),  and  just  after  the 
turn  it  the  downstream  section  of  the  channel  (X/D  =  15.06,  Tap  11). 

3.1 
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The  pressure  then  increases  again  slightly  (except  for  cases  with  higher 
size  rib,  e/D  =  0.094),  as  shown  in  Figure  (32).  A  linear  pressure  drop 
towards  the  fully-developed  region  of  the  downstream  section  (between 
X/D  =  18.8,  Tap  14  and  X/D  =  23.8,  Tap  16)  is  clearly  visible. 

Examination  of  the  individual  pressure  distributions  for  each  test 
reveals  that  their  trends  are  highly  independent  of  the  Reynolds  number 
and  the  normalized  distributions  are  virtually  identical  over  the  entire 
range  of  Reynolds  number  for  a  given  channel  geometry. 

Figures  33-35  represent  the  effect  of  the  rib  geometry  on  non- 
dimensional  pressure  drop  distribution  for  Re  =  10,000,  Re  =  30,000,  and 
Re  =  60,000,  respectively.  Again,  the  results  are  almost  independent  of 
the  Reynolds  number.  But.  on  looking  at  these  plots  individually,  it  is 
very  clear  that  the  pressure  drop  in  the  case  of  the  smooth  channel  is  lowest, 
maximum  pressure  drop  is  attained  in  the  case  of  the  channel  with  higher 
rib  size  (e/D  =  0.094).  In  order,  the  results  with  higher  pitch  (P/e  = 

20),  angle-of-attack  (0  =  45°,  and  angle-of -attack  (a)  =  60°  show 
an  increase  in  pressure  drop,  but  remain  in  between  the  smooth  channel 
and  with  e/D  =  0.094  cases. 


On  the  basis  of  the  normalized  pressure  distribution  results  and  to 
cover  the  entire  test  channel  under  present  investigation,  the  channel 
was  divided  into  four  regions,  namely,  the  entrance  region  (X/D  =  0  to 
4.69,  Tap  3),  the  fully-developed  before-turn  region  (X/D  =  4.69,  Tap  3 
to  10.94,  Tap  7),  the  turn  region  (X/D  =  10.94,  Tap  7  to  18.8,  Tap  14), 
and  the  fully-developed  after-turn  region  (X/D  =  18.8,  Tap  14  to  23.8, 
Tap  16). 

The  plots  for  average  fully-developed  friction  factors,  fbt  and  fat 
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vs  Reynolds  number  for  the  different  rib  and  channel  geometries  are 
shown  in  Figures  36  and  37.  The  loss  coefficients,  Kc  and  Kt,  for  the 
entrance  and  the  turn  regions  respectively,  are  plotted  against  Reynolds 
number  in  Figures  38  and  39. 

In  Figure  36  for  f^,  the  friction  factor  for  the  smooth  channel  case 
differs  by  6%  from  the  Blausius  equation  (11).  For  <  =  90°  and  <■  =  60°, 
the  friction  factor  approaches  an  approximately  constant  value  as  the 
Reynolds  number  increases,  while  the  friction  factor  is  maximum  with 
higher  size  rib  and  minimum  with  higher  rib  spacing.  The  friction 
factor  with  a  =  60°  is  about  45%  higher  than  that  with  a  =  90°.  Also 
the  friction  factor  with  t  =  45°  is  less  than  that  with  =  90°,  but  not 
by  much  . 

The  trend  of  Figure  37  for  ^at  looks  the  same  as  that  of  f t  in  Figure 
36,  except  that  the  variation  is  not  very  smooth  and  also  the  values 
with  u  =  45°  are  lower  than  that  with  P/e  =  20  at  some  locations.  For  the 
smooth  channel  case,  the  friction  factor  is  approximately  100%  higher 
than  the  values  calculated  by  equation  (11).  It  is  interesting  to  note 
that  the  average  friction  factor  for  the  fully-developed  after-turn 
region  is  higher  than  the  corresponding  ful ly-developed  before-turn 
region,  except  in  cases  with  >  =  60°  and  -  =  45°,  in  which  f  t  is  lower 
than  their  respective  values  of  fbf 

The  loss  coefficient  in  the  entrance  section  of  the  channel,  Kc, 
decreases  with  increasing  Reynolds  number,  as  shown  in  Figure  38. 
Figure  39  shows  the  loss  coefficient,  Kt,  against  Reynolds  number  for 
the  turn  region.  It  decreases  with  increasing  Reynolds  number.  The 
effect  of  rib  geometry  on  these  two  loss  coefficients  are  identical  as 
far  as  the  trend  and  the  overall  range  is  concerned.  It  is  noted  that. 


for  a  =  90°  and  P/e  =  10,  Kc  is  lower  than  with  same  P/e  but  with  = 
60°  and  a  =  45°.  However,  K^.  for  a  =  90°  is  higher  than  that  for  =  < 
and  45°  for  the  same  P/e  =  10.  Both  loss  coefficients  remain  maximum 
with  higher  rib  size  in  all  cases. 

For  all  the  cases  investigated,  the  values  of  all  the  four  friction 
factors  are  tabulated  in  Table  4. 

Correlations 

The  two  fully-developed  friction  factors,  f^t  and  fat,  and  the  two 
loss  coeff icients,  Kc  and  Kt  were  correlated  by  one  single  equation  of 
the  following  form: 

f  (or  K)  =  a  (Re)b  ((P/e)/10)c  ( (e/D)/0.063)m  (a/90°)n  (14) 

where  the  coefficients,  a,  b,  c,  m,  and  n,  are  given  in  Table  5.  The 
deviations  in  equation  (14)  from  the  test  data  are  *  7%,  ,  io\  ( 8%  for 


95%  data  points) ,  ±  5.5%,  and  ±  6.6%,  respectively,  for  f^,  £at,Kcand 


6.0  CONCLUSIONS  AM)  RBOCMtflMlATlONS 


The  detailed  mass  transfer  distributions  around  the  sharp  180° 
turns  in  a  smooth  channel  and  in  a  rib-roughened  channel  have  been 
studied.  The  following  conclusions  can  be  drawn: 

A.  Smooth  Channel  and  Transverse  Ribs; 

1.  For  the  smooth  channel,  the  heat/mass  transfer  around  the  turn  is 
influenced  by  the  flow  separation  at  the  tip  of  the  divider  (inner) 
wall  and  the  secondary  flow  induced  by  the  centrifugal  force  at  the 
turn.  The  heat/mass  transfer  after  the  turn  is  higher  than  that 
before  the  turn.  The  heat/mass  transfer  in  the  turn  is  also  high 
compared  with  that  before  the  turn  except  at  the  first  outside 
corner  of  the  turn. 

2.  For  the  rib-roughened  channel,  the  heat/mass  transfer  around  the 
turn  is  influenced  not  only  by  the  flow  separation  and  the 
secondary  flow  at  the  turn,  but  also  by  the  presence  of  repeated 
ribs  on  the  top  and  bottom  walls.  The  heat/mass  transfer 
coefficients  on  the  smooth  side  walls  and  on  the  rib-roughened  top 
and  bottom  walls  around  the  turn  are  larger  than  the  corresponding 
coefficients  for  the  smooth  channel.  The  axially  periodic 
distribution  of  the  top-wall  heat/mass  transfer  coefficient  after 
the  turn  is  higher  than  that  before  the  turn  with  a  more  noticeable 
spanwise  variation.  The  inner-wall  and  outer-wall  heat/mass 
transfer  coefficients  after  the  turn  are  higher  than  the  respective 
before-turn  coefficients. 

3.  For  the  range  of  Reynolds  number  studied,  the  average  Sherwood 
number  ratios  around  the  sharp  turns  in  the  smooth  and  rib- 
roughened  channels  decrease  slightly  with  increasing  Reynolds 


nuni^t.  Foe  the  e  ibbed  channel ,  the  spanwise  variation  of  the  top- 
wall  Sherwood  number  ratio  in  the  after-turn  region  increases  with 
decreasing  Reynolds  number. 

The  heat/mass  transfer  around  the  turn  in  the  ribbed  channel 
decreases  with  increasing  rib  spacing  and  increases  with  increasing 
rib  height. 

The  average  Sherwood  number  ratios  for  individual  wall  segments 
around  the  turns  in  the  smooth  and  ribbed  channels  can  be 
correlated  by  equation  (8)  to  within  +  6  percent. 

The  published  heat  transfer  results  for  straight  rib-roughened 
channels  can  be  applied  to  the  design  of  the  straight  section 
before  the  first  sharp  turn  in  a  multipass  ribbed  cooling  passage 
in  a  turbine  blade. 

Angled.  Sibst 

Before  the  turn,  the  axial  distributions  of  the  ribbed-wali 
Sherwood  number  are  periodic  for  all  three  rib  angles-of-attack 
studied.  The  local  ribbed-wall  Sherwood  numbers  for  o-  =  60°  and 
45°  near  the  outer  wall  are  higher  than  those  near  the  inner  wall 
due  to  the  secondary  flow  along  the  rib  axes.  The  spanwise 
Sherwood  number  variations  decrease  as  the  Reynolds  number 
increases.  The  spanwise  variations  of  the  local  ribbed-wall 
Sherwood  number  for  t  =  90°  are  very  small. 

After  the  turn,  the  ribbed-wall  Sherwood  numbers  near  the  outer 
wal  1  are  higher  than  those  near  the  inner  wal  1  for  all  three  rib 
angles  studied.  For  ■  =  60°  and  45°,  the  spanwise  variations  of 
the  ribbed-wall  Sherwood  numbers  after  the  turn  are  smaller  than 


those  before  the  turn. 


Before  the  turn,  the  average  ribbed-wall  Sherwood  number  for  <.  = 
60°  is  higher  than  that  for  1  =  45°,  which,  in  turn,  is  higher  than 
that  for  =  90°.  However,  after  the  turn,  the  average  ribbed- 


wall  Sherwood  number  for  ■<  =  90°  is  higher  than  those  for  .  =  45° 
and  60°. 

For  any  rib  ang le-of -attack ,  the  average  inner-wall  Sherwood  number 
after  the  turn  is  always  higher  than  both  the  average  inner-wall 
Sherwood  number  before  the  turn  and  the  average  outer-wall  Sherwood 
number  after  the  turn. 

The  average  Sherwood  number  ratios  for  individual  channel  surfaces 
can  be  correlated  with  equations  in  the  form  of  Sh/ShQ  =  a  Re*5 
(u/90°)c. 

The  overall  average  Sherwood  number  ratio  in  the  region  around  the 
sharp  turn  is  independent  of  the  rib  angle,  but  decreases  slightly 
as  the  Reynolds  number  increases. 

The  two  fully-developed  friction  factors  (f^  and  fat*  •  and  the  two 
loss  coefficients  (Kc  and  Kt)  can  be  correlated  by  equation  (14). 
Recoinnendat  ions : 

Use  naphthalene-coated  ribs,  instead  of  using  metallic  ribs,  to 
study  the  local  heat/mass  transfer  coefficients  in  a  two-{>ass  rib- 
roughened  channel. 

Study  the  effect  of  the  channel  aspect  ratio  on  the  local  heat/mass 
transfer  coefficients  in  two-pass  ribbed  channels. 

Study  the  three-pass  ribbed  channels. 
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Sketch  of  the  test  section  for  mass  transfer  experiments. 
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18.876  1.496 

19.875  1.408 

20.876  1.345 

21.875  1.176 

2.875  0.9526 

3.875  1.066 

24. 876 


:  .6!  • 

1. .  664 

_  li  ; 

2 . 62 2 

i  .  92  3 

2.028 

1.630 

1.823 

1 . 597 

1.455 

1 .416 

1.281 

1.424 

1.080 

1.232 

1 .170 

0.9493 

1 . 167 

1 . 188 

1 .499 

1.465 

107 


2 . 596 
2 . 592 
1.983 
1.778 
1  -  517 
1.208 
1.135 
1 . 174 
1.245 
1.643 
1.259 


OUTER  WALE  INNER  WALL 


6 .22:, 

2  .  150 

i  .  200 

1 .102 

.  i  >0 

9.12  6 

1 .095 

1  .  1  00 

i  .066 

i  .  061 

10.125 

1.130 

1  '  •  1 

i .  io : 

10.375 

2.169 

1  .  139 

1  .071 

1.065 

10.625 

1-094 

1 .004 

i  .056 

1.035 

20-875 

1 . 068 

0.964 

1.076 

1 . 046 

11 . 125 

1.032 

0 . 900 

1  .084 

1  .041 

11 . 375 

0.930 

0 . 061 

1 .286 

i  .276 

11.625 

0.983 

0.630 

1  .  367 

1.338 

IN  TURN 

11.875 

1.082 

0.970 

12.375 

1.447 

1.274 

12.875 

1.690 

1.745 

13.125 

1.683 

1.659 

13.625 

1  .  765 

1.784 

14.125 

1.645 

2.223 

AFTER  TURN 

14.375 

1  .  390 

1.828 

1.708 

1.842 

14.625 

1 . 384 

1.831 

2.027 

1.964 

14.875 

1.275 

1 . 737 

2.319 

2.275 

15.125 

1.551 

1.921 

2 . 527 

2.417 

15.375 

1 . 960 

2.212 

2.703 

2.471 

15.625 

2.052 

2.407 

2.560 

2.4  76 

15.875 

2.180 

2.498 

2.471 

2.524 

16.875 

1 . 788 

2.007 

1.969 

1.966 

17.875 

1.652 

1.824 

1  .670 

1.65b 

103 


c.  . 


11.375 

12.375 
12.075 

13.125 
13.625 

14.125 


2.544 
3.275 
3.047 
3 . 209 
2.805 


24  3 
2.439 
3.40C 
3.073 
3 . 586 
3.434 


AFTER  TURK 


14.375 

2.357 

3.586 

• 

14.500 

2.416 

3.520 

3.707 

4.-147 

14.625 

2.188 

3.509 

3.783 

4.711 

■;/ 

*  •  jt 

14.750 

1.925 

3.250 

2.613 

3 .453 

1  *•  *  i 

Oft 

14.875 

2.166 

3.224 

2.641 

3 . 299 

ft 

15.000 

2.352 

3.272 

2.936 

3.154 

ft 

15.125 

2.445 

3.271 

2.934 

3.207 

15.250 

2.345 

3.378 

2.814 

3.120 

ft 

15.375 

2.329 

3.083 

2.822 

2.846 

ft 

15.500 

2.780 

2.981 

2.872 

2.918 

ft 

15.625 

2.926 

2.887 

2.768 

2.814 

•v 

15.750 

2-661 

2.938 

2.644 

2 . 494 

ft 

15.675 

2.531 

2.9S1 

3.123 

2.223 

16.000 

2.588 

2.527 

2.638 

2.071 

ft 

16.063 

2.607 

2.876 

2.581 

1.991 

16.43e 

2.512 

2.615 

1.963 

1.987 

ft, 

17.063 

2.365 

2.200 

1.811 

1.477 

ft 

17.688 

2.134 

2.194 

1.463 

1.476 

,  ,V  , 

Rough  Channel:  Re  =  30,000,  P/e=10,  e/D  =  0.063,  o 

Sh/Sh0 


TO!-’  WALL 


y./D 

O.L. 

C.L. 

I  .  L . 

BEFORE 

TURN 

C.  563 

1.369 

0.9620 

0.9345 

C.625 

1.609 

1.431 

1.782 

0.688 

2.014 

1.930 

2.302 

C.750 

2.399 

2.154 

2.676 

0.813 

2.265 

1.812 

2.277 

0.875 

1.965 

1.828 

2.345 

0.938 

1.649 

1.358 

2.164 

1.000 

2.194 

2.710 

3.014 

1.063 

RIB 

RIB 

RIB 

1.125 

RIB 

RIB 

RIB 

1.188 

2.026 

1.441 

1.181 

1.250 

3.179 

2.708 

3.677 

1.313 

3.788 

3.079 

4.013 

1.375 

4.170 

3.662 

4.198 

1.438 

3.972 

3.517 

3.876 

1.500 

3.827 

3.449 

3.736 

1.563 

3.517 

3.253 

3.344 

1.625 

3.331 

3.067 

3.117 

2.063 

3.415 

2.688 

3.347 

3.313 

3.230 

3.938 

3.071 

4.563 

3.078 

5.188 

3.093 

5.813 

3.059 

6.438 

2.996 

6.813 

1.539 

1.288 

1.219 

6.875 

3.055 

2.703 

2.774 

6.938 

3.212 

3.038 

3.076 

7.000 

3.369 

3.181 

3.271 

7.063 

3.156 

2.882 

3.231 

7.125 

3.001 

2.804 

3.153 

7.188 

2.511 

2.587 

2.883 

7.2  50 

2.764 

2.481 

2.638 

7.313 

RIB 

RIB 

RIB 

7  .  »  7  5 

r<  i  b 

RIB 

RIB 

-  .4  *x: 

I  .  54  c: 

: .  787 

r,  . 


c.  - 


^  J  .  ^  J 

2  -  7  3  ■ 

2.49  3 

:: .  522 

1  "i  .  ij2  2- 

3.01 4 

2.486 

2 . 176 

14-125 

;  .841 

i  .919 

2.27C 

AFTER 

TURN 

7 

14 . 37  5 

3.201 

2.366 

2 . 094 

14.438 

4.692 

3.000 

2.531 

14.500 

5-132 

3.483 

2.843 

A 

14.563 

4.919 

3.600 

3.031 

A 

14.625 

4.479 

3.734 

3.156 

14.688 

3.940 

3.716 

3.285 

14.750 

3.205 

3.481 

3.199 

A 

> 

14.813 

4.467 

3.539 

3.261 

14.875 

RIB 

RIB 

RIB 

i 

14.938 

RIB 

RIB 

RIB 

A 

■ i_ 

15.000 

3.034 

3.980 

3.647 

15.063 

4.178 

4.474 

3.855 

15.125 

4.601 

4.276 

3.58E 

> 

Vi 

15.188 

4.697 

4.004 

3.311 

V 

15.250 

4.507 

3.836 

3.038 

/ 

V 

15.313 

4.167 

3.531 

2.891 

V 
* , 

15.375 

3.638 

3.184 

2.643 

15.438 

3.888 

3.406 

3.595 

s 

15.500 

RIB 

RIB 

RIB 

15-563 

RIB 

RIB 

RIB 

’V 

15.625 

2.630 

2.947 

3.103 

// 

15.588 

4.156 

4.080 

3.619 

/*] 

15.750 

4.610 

4.099 

3.514 

15.813 

4.464 

3.865 

3.229 

15.875 

4.107 

3.590 

3.026 

15.938 

3 . 799 

3.267 

2.795 

16.000 

3.297 

2.902 

2.480 

v' 

16.063 

3.788 

3.237 

2.888 

16-125 

RIB 

RIB 

RIB 

16.188 

RIB 

RIB 

RIB 

16.250 

2.077 

2 .777 

2.884 

I  6  -  3  1  3 

3 . 9 1 9 

3 . 648 

3.42  3 

16. 378 

4 . 206' 

3.610 

3 . 343 

*■  - 

16. 436 

*; .  07*.) 

3.471 

3.120 

;  f  > .  ‘-or. 

•  < 

<  .  780 

2 . 8  :> : 

1  .  V.  • 

•  i '  *  ■ 

*  .  0  !  '  5 

:  .  644 

r#*i 

no 


i  (> .  ( »1!;? 

ib.GHR 

'■>  lit: 

<  .  7tif  * 

;  .6 

1 V . 088 

•  . 

i  t .  i 2  5 

. '  )**  ^ 

- n*  •• 

IB. IBB 

^  .  j  2‘ 

*  -  .  • 

]  8  .  2  > 

i  .  R  i  . 

1 R  .  3  1  7 

*  .  t ; '  <  ’  ■ 

IB.  • 

*  j  <  ■ 

'  -  2  ■ 

1  8  .  4  U- 

3 .  2  if 

•  ■' 

le.boo 

2.847 

2.451 

18.563 

2.905 

2.51 9 

18.635 

R 1 5 

RIB 

18.685 

R I 8 

RIB 

18.750 

2 . 006 

1 . 7  68 

18.813 

3  .  19° 

3  .  1 

18.875 

3 . 599 

3.285 

18.938 

2.2  38 

3.141 

19.000 

3.367 

3 . 008 

19.063 

2.927 

2.817 

19.125 

2.837 

2.467 

19.188 

2.703 

2 . 140 

19.563 

3.058 

20.188 

3.034 

20.813 

3.019 

21.438 

2.977 

22.063 

2.864 

22.688 

2.860 

23.313 

2. 906 

23.938 

2.992 

24.375 

2.312 

2.087 

24.438 

3.274 

3.209 

24.500 

3.435 

3.385 

24.563 

3.255 

3.123 

24.625 

3.189 

2.91  V 

24.688 

2.957 

2.638 

24.750 

2.854 

2.51u 

24.813 

2.579 

2.245 

24.875 

RIB 

RIB 

24.938 

RIB 

R I  B 

25-000 

2.540 

2 . 464 

2  5 . 0  6  3 

2 . 1  88 

2.1  38 

25.125 

2.4IO 

2 . 32 

25. 188 

2 . 3H,J 

2  .  V). 

8.938 

1  .  760 

1 . 558 

2.072 

1.872 

9.563 

1 . 729 

1.513 

1.719 

1.654 

10.188 

1.862 

1.639 

1.883 

: .  8oc 

10.813 

1.819 

1.603 

1.780 

1.666 

11.438 

1 . 798 

1.445 

1.777 

1  .  507 

IN  TURN 


11.875 

2.511 

2  .  128 

12.375 

2.374 

2.172 

12.875 

2.775 

2.982 

13.125 

2.288 

2.561 

13.625 

2.759 

2.81° 

14.125 

2.297 

2 . 28f'< 

AFTER  TURN 

14.563 

2.335 

2.323 

3.062 

2.925 

15.188 

2.380 

2.277 

2.818 

2.480 

15.813 

2.754 

2.678 

2.747 

2.295 

16.438 

2 . 48  i 

2.450 

2.214 

.  1 2 

17 . 063 

2. 370 

2.3  26 

2 . 2Q  5 

1 . 762 

17.688 

2.201 

2 . 186 

2.347 

2.110 

Rough  Channel:  Re  60,000,  P/c  10.  e/D  0  063,  o 


Sh/ShG 


-  - 

w'fM.i. 

B 6 FOR 5 

TURK 

C .  1 

3.414 

j  .90:' 

3.8  39 

o 

o 

4.438 

4 . 496 

4 .  6  0 

0.31  3 

4.700 

4.604 

4 . 668 

0.370 

4.301 

4.281 

4.40  3 

C.4  3B 

3 1 B 

RIB 

RIB 

0.500 

RIB 

RIB 

RIB 

0.563 

2 . 124 

1.677 

:  .  729 

0.625 

3.613 

3 , 5  q  7 

3 . 888 

0 . 688 

4 . 088 

4.466 

4.231 

0. 7  50 

3.906 

4.33  7 

4 .2  56 

0.813 

3 . 666 

4 . 194 

4 . 2  J  ■’ 

C-875 

3  .  340 

3.935 

3.8  39 

C.938 

2.9  30 

3.26 : 

3.4  72 

i  .000 

3.373 

3.626 

3.521 

1.063 

FIB 

RIE 

RIB 

1.12  5 

RIE 

RIB 

RIE 

1  .  188 

2.023 

1  .  722 

2.12  4 

1.250 

2.966 

2.611 

3.195 

1.33  3 

3.422 

3.088 

3  .  307 

1.37  8 

3.376 

3.255 

1 . 2  60 

1 . 438 

3.266 

3.318 

3.039 

1  .  600 

3 . 2 1 6 

3.167 

2.81  ■ 

1  .  563 

3.062 

3.076 

3.14  2 

1.626 

3 . 092 

3 . 094 

2 . 9  6)  5 

2.063 

3 . 09  3 

2  .  Q  I  :- 

3.060 

2  .  OH 8 

2.934 

2.923 

2 . 899 

8.31  H 

2 . 84  3 

2 . 7  41 

.8  3; 

3.938 

2 . 7  6  ■ 

2 . 7  B 

2 . 605 

4 . 563 

2.79  7 

7  2 

2  .,30C 

5. 3  88 

2 . 7  6  "7 

2.71? 

?  .805 

5.81  3 

2  .  o'i  : 

2 . 66  5 

.: .  7  >  -■ 

6.4  38 

*7  *7  1 

2  1 

:  .  7 

i.c?.:- 

2.915 

2 . 698 

2.7  52 

7 . 686 

2.647; 

2.419 

2.567 

7 . 7  50 

2.47  0 

2.244 

2.375 

7.51/ 

2.209 

2 . 096 

2.157 

7.875 

2.402 

2.212 

2.512 

8.313 

2.776 

2.444 

2.563 

8.938 

2.638 

2.452 

2.594 

9.313 

1.824 

1.918 

2.066 

9.375 

2-750 

2.844 

2.669 

9.438 

2.915 

2.820 

2.772 

9.500 

2.858 

2.650 

2.681 

9.563 

2.701 

2.431 

2.542 

S.625 

2.466 

2.216 

2.363 

9.688 

2.228 

2.041 

2.167 

9.750 

2.386 

2.242 

2.441 

9.813 

RIB 

RIB 

RIB 

9.675 

RIB 

RIB 

RIB 

9.938 

1.643 

1.976 

1.941 

10.000 

2.702 

2.737 

2.567 

10.063 

2.919 

2.795 

2.793 

10.125 

2.855 

2.551 

2.684 

10.188 

2.634 

2.376 

2.519 

10.250 

2.391 

2.195 

2.344 

10.313 

2.226 

2.025 

2.078 

10.375 

2.498 

2.188 

2.543 

10.438 

RIB 

RIB 

RIB 

10.500 

RIB 

RIB 

RIB 

10.563 

1 . 793 

2.010 

1.969 

10.625 

2.700 

2.702 

2.605 

10.686 

2.863 

2.766 

2.748 

10.750 

2 . 787 

2.609 

2.633 

10.813 

2.616 

2.416 

2.453 

10.875 

2.437 

2.204 

2.329 

10.936 

2.325 

2.028 

2.075 

1 1 . 000 

2.328 

2.167 

2.292 

11 .063 

RIB 

RIB 

RIE 

11.125 

RIB 

RIB 

RIB 

i  1  .  l H5 

1  . 060 

2.019 

2.020 

i  1  .  2  5  j 

i .  1  Id 

2.834 

2.800 

:  •  .  .  •.  - 

2.921 

2.931 

I), 

TURK 

11-07;, 

3.977 

3.452 

3 . 377 

12.375 

1  -832 

1 .877 

2.214 

]  2  -  8  *7 : 

2.262 

2-027 

2 . 089 

13.125 

2.106 

2-029 

2 . 074 

12.623 

2 . 52  5 

1  .976 

j  .  946 

14.125 

2  . 68  3 

i  .70! 

•*  *  •' 

AFTER 

TURN 

14.375 

2-878 

2.076 

2. CIO 

14.438 

3.745 

2.549 

2.306 

14 . 500 

4.217 

2.865 

2.445 

14.563 

4.116 

3.041 

2.678 

14.625 

3.756 

3.168 

2.711 

14.688 

3.361 

3.208 

2.777 

14.750 

3.013 

3.122 

2.845 

14.813 

3.406 

3.217 

2.876 

14.875 

RIB 

RIB 

RIB 

14.938 

RIB 

RIB 

RIB 

15.000 

2.810 

3.127 

2.879 

15. C6? 

3.665 

3.852 

3.351 

15-125 

4.165 

3.731 

3.135 

15.188 

4.135 

3.431 

2.870 

15.250 

3.746 

3.201 

2.614 

15.313 

3.393 

2.948 

2.461 

15.375 

3.084 

2.783 

2.331 

15-438 

3.007 

2.633 

2.276 

15.500 

RIB 

RIB 

RIB 

15.563 

RIB 

RIB 

RIB 

15.625 

2.343 

2.482 

2.497 

15.688 

3.152 

3.409 

3.133 

15.750 

3.635 

3.575 

3.141 

15.813 

3.765 

3.436 

2.975 

15.875 

3 . 668 

3.224 

2.759 

15.938 

3.417 

2.998 

2 . 666 

I  6 . 000 

3.195 

2.854 

2-330 

I  6 . 063 

3.071 

2.730 

2.222 

16.125 

RIB 

RIB 

RIB 

16. 180 

RIB 

RIB 

RIB 

]  f i .  2  5  0 

2.219 

2.146 

2-111 

1 6.3]  3 

3.131 

3.037 

J  .  8.-8 

16. 376 

3.671 

3 . 299 

2  .  p  4  c 

16.438 

3.630 

3.026 

2  #  759 

1  b  .  bi  >(: 

3  .  38'- 

2.831 

.  '  .  J  L  _• 

l(,.  60  • 

.  If) ?. 

• .)  _  r.  t 

1  .  .'.86 

£ 

I 


¥&' 


/vs^vvv>v/*yvV 


V\  l\  1  . 


I  NKEE 


OL'TK? 


r  n 


WAL 


X/D 


c: 


BXEOKX  TURN 


OUTER 

WALL 

I  NNEF\ 

WALL 

0.18G 

2.215 

2 .634 

2.283 

3  .  182 

0.250 

2.24  3 

2.858 

2.676 

3 . 868 

0.313 

2.329 

3.186 

2 . 937 

3 . 7  S  b 

0.375 

"1  *"!/-'*> 

20  .  2-  O  .4 

2.938 

2.89  3 

J  .  68  r- 

0.438 

2.511 

3.161 

2.781 

■3  no 

—  .  ji-- 

0.500 

2.580 

3.3  38 

2.656 

3.42  5 

0.563 

2.640 

3.467 

2.783 

3.332 

0.62  5 

2 . 574 

3 .076 

2.661 

3.224 

0.688 

2.880 

-1,2269 

3.153 

3.137 

0.750 

2.625 

3.022 

3.233 

3.040 

0.813 

2.929 

2.977 

3.222 

2.820 

0.875 

2.978 

2.853 

3.187 

2.661 

0.938 

2 . 999 

2 . 798 

3.267 

2.528 

1.000 

2.332 

2 . 706 

3.032 

2.417 

1.063 

2.906 

2.522 

3.058 

2.339 

1 . 125 

2.898 

2.546 

3.002 

2.416 

1.188 

2.790 

2.556 

2.898 

2.337 

1.250 

2.734 

2.465 

2.830 

2.327 

1 .  313 

2.6:4 

2.475 

2.812 

2.261 

1 .375 

2.57  7 

2 . 304 

2.641 

2.252 

1.438 

2  .  r  1  4 

2.2  78 

2.625 

2.130 

1 . 500 

2 . 465 

2.258 

2.610 

2.062 

1 . 563 

2 . 4 1 4 

.  1 9  b 

2 . 54b 

2 . 0  :*  4 

1  .62  5 

2 . 340 

2.17  h 

2.553 

2 .  C59 

2.063 

2  .  j  ~ 

2 .098 

1.973 

1 . 869 

.  .  68>7 

'  T  ■; 

’.  .944 

1.72'-’ 

1 . 6  64 

3.317 

1  .  768 

I  .  84f  . 

1.640 

j  .  6  98 

3.938 

1  -  664 

1 . 7  34 

1 .606 

1 . 67  7 

4 . 56  3 

1.663 

1  .712 

1 . 732 

1 .689 

6. 188 

1 .644 

; .  67i 

:  .  66  i 
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Abstract 

The  heat  transfer  characteristics  of  turbulent  air  flow  in  a  multipass  channel  were  studied  via 
the  naphthalene  sublimation  technique.  The  naphthalene-coated  test  section,  which  consisted  of  two 
straight,  square  channels  joined  by  a  sharp  180°  turn,  resembled  the  internal  cooling  passages  of 
gas  turbine  airfoils.  The  top  and  bottom  surfaces  of  the  test  channel  were  roughened  by  rib  turbu- 
lators.  The  rib  height-to-hydraul ic  diameter  ratio  {e/0)  were  0.063  and  0.094,  and  the  rib  pitch- 
to-height  ratio  (P/e)  were  10  and  20.  The  local  heat/mass  transfer  coefficients  on  the  roughened 
top  wall  and  on  the  smooth  divider  and  side  walls  of  the  test  channel  were  determined  for  three 
Reynolds  numbers  of  15,000,  30,000,  and  60,000,  and  for  three  angles -of -at tack  (a)  of  90°,  60°,  and 
45°  The  results  showed  that  the  local  Sherwood  numbers  on  the  ribbed  walls  were  1.5  to  6.5  times 
those  for  a  fully  developed  flow  in  a  smooth  square  duct.  The  average  ribbed-wall  Sherwood  numbers 
were  2.5  to  3.5  times  higher  than  the  fully  developed  values,  depending  on  the  rib  angle-of-attack 
and  the  Reynolds  number.  The  results  also  indicated  that,  before  the  turn,  the  heat/mass  transfer 
coefficients  in  the  cases  of  a-  60°  and  45°  were  higher  than  those  in  the  case  of  a  =  90°.  How¬ 
ever,  after  the  turn,  the  heat/mass  transfer  coefficients  in  the  oblique-rib  cases  were  lower  than 
those  in  the  traverse-rib  case.  Correlations  for  the  average  Sherwood  number  ratios  for  individual 
channel  surfaces  and  for  the  overall  Sherwood  number  ratios  are  reported.  Correlations  for  the 
fully  developed  friction  factors  and  for  the  loss  coefficients  are  also  provided. 
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